The proposed technique for phase improvement is based on the refinement of a so-called mixed electron density model. This model consists of two parts. The first is a partial stereochemically correct atomic model of the protein molecule related to the interpreted part of electron density of the unit cell. The second is an artificial atomic model describing the uninterpreted part of the residual electron density of the unit cell. The conventional free-atom crystallographic refinement of such a mixed model results in phase improvement. No attention is paid to the structural sense of the refined atomic positions of the mixed electron density model. This method of phase improvement has been applied for eye lens protein y-crystallin Illb at 2-7 A resolution. A starting partial model of the molecule contained about 56% of the total number of residues. Phase refinement is done in two stages. Each stage leads to a significant increase in the quality of the electron density map, so that the partial atomic model of the protein molecule can be improved and expanded.
I. Introduction
The main aim of X-ray structure determination of proteins is to determine a model of a molecule with a complete set of atoms. However, in many cases the quality of the electron density synthesis allows only part of the model to be constructed. The other part cannot be built without an improved electron density map. In this paper we describe a new method applied in the refinement of y-crystallin IIIb from calf lens at the stage when a further extension of the obtained partial model was required. When a partial model is fairly complete, i.e. it contains at least 75% of the total number of residues, the synthesis can be improved by crystallographic refinement of the partial model (Rice, 1981; Remington, Wiegand & Huber, 1982) . Phases calculated from the refined model combined with those obtained by isomorphous replacement improve the quality of the synthesis. It should be emphasized that such a phase 0108-7673/85/020166-06501.50 improvement results from a thorough crystallographic refinement, which is a very complex procedure requiring 'hand' operation.
In the case when one has no atomic model at all, Agarwal & Isaacs (1977) proposed that phases could be improved by refining a coarse model. This model is automatically constructed by the program and may not be an accurate stereochemical fit to the real structure. It need only adequately reproduce available electron density maps. This approach is attractive, for it does not require hand construction of the model and implies a relatively simple refinement (without stereochemical restrictions and 'human intervention'). At the same time it is evident that such a simplified approach may not give quite as good results as those obtained by Rice's method; it may be rather a preliminary step in the construction of a partial model. One of the implementations of Agarwal & Isaacs's method was developed by the authors of the present paper. It was tested with actinidin (Lunin & Urzhumtsev, 1981 ) and applied to the extension of phases for y-crystallin IIIb from 3.0 up to 2.7 ]k (Lunin & Urzhumtsev, 1984) . This application resulted in the improvement of the initial electron density map, which was uninterpretable, to the extent that an incomplete model for about one half of the molecule could be constructed (see § 3).
In this paper we shall consider an intermediate stage in the model construction when the Agarwal & Isaacs procedure, without recourse to a partial model, cannot further improve the synthesis, and the partial model obtained is not quite complete enough to allow Rice's method to be applied.
One of the possible methods in such a situation was proposed by Bhat & Blow (1982) . The method is as follows. First, the electron density corresponding to the interpreted part of the molecule is generated. Then the model is expanded to incorporate a part of the map adjacent to the interpreted portion. The calculation of phases from such a model gave an improved synthesis for tyrosyl-tRNA-synthetase. Later (Bhat & Blow, 1983 ) the procedure also incorporated refinement of a partial model with inclusion of the fixed uninterpreted part of the synthesis.
In this paper we consider another approach mentioned in the previous paper (Lunin & Urzhumtsev, 1984) . In the first stage we construct a mixed model of electron density by the addition of the partial model with dummy atoms to reproduce the uninterpreted part of the synthesis. In contrast to Bhat & Blow, we assume that the part of the model related to the uninterpreted synthesis does not have an arbitrary electron density distribution but rather the distribution prescribed by the sum of atomic contributions, i.e. we suggest an additional requirement for the atomicity of the model. At the second stage we refine the mixed model in reciprocal space to calculate phases improving the synthesis. As opposed to Bhat & Blow, we do not only refine the interpreted but also the uninterpreted part of the synthesis.
A principal difference of the indicated approaches from Rice's method is that we expand the model by introducing the uninterpreted part of the synthesis. Such a model allows a better approximation of the electron density distribution in the unit cell. Besides, the additional part of the model can be a stabilizing factor in the refinement, for it prevents the partial model from 'degrading'. For an example of such a 'degradation' observed in the absence of dummy atoms, see § 4 of this paper.
Application of a mixed electron-density model for phase improvement

Initial information
It is assumed that for a set of reflections we know:
(a) The observed structure amplitudes Fo.
(b) The probability distributions Po (q~) for the corresponding phases obtained earlier (e.g. by the method of isomorphous replacement), from which we can determine the 'best' phases ~oo and figures of merit mo by the equality (Blow & Crick, 1959) 2~r mo exp (iq~o) = ~ exp (i~o)Po(q~) dq~. o (c) The atomic coordinates rj and isotropic temperature factors Bj of the partial model. The calculated structure factors for a partial molecular model will be denoted by Fp exp (i~op). (1)
Building of a mixed model
The parameters r~, and B~, of each dummy atom were determined as follows:
(a) by searching the global maximum r~, on the difference synthesis;
(b) by determining the parameter B~, so that the electron density at the center of the atom was about the same as that on the difference synthesis at r~,;
(c) by subtracting the contribution of the identified dummy atom from the synthesis.
After this the next dummy atom is constructed until the maximal value of the 'residual' electron density drops below a limit value Pcrit. The building of a coarse model of the uninterpreted electron density and the evaluation of an atomic contribution to the weighted synthesis have been described in detail previously (Lunin & Urzhumtsev, 1984) .
In the case where one knows the boundary of the molecule in the cell, one could restrict the region of placing dummy atoms so that r~, are only allowed to be inside the molecule. A further restriction of this region was that dummy atoms were forbidden to be at a distance less than rmin from the partial model atoms in the construction of a mixed model. This prevents the partial model atoms from being displaced from their correct position by dummy atoms. The value rmi n was chosen to approximate to the convergence radius of the applied method of refinement, i.e. at the first stage it was 0.7/~ (Agarwal, 1978) and was increased at later stages. The dummy atom regions can be selected more thoroughly, for instance, these may be introduced as the connected domains adjacent to the interpreted synthesis as in the paper of Bhat & Blow (1982) .
Refinement of a mixed model
For the refinement of a mixed model the Isaacs program was applied, which realized the Agarwal (1978) algorithm of the reciprocal-space refinement without stereochemical restrictions.
In the course of the refinement the mixed model was revised periodically, and the dummy atoms with high B~, values were omitted from the model.
Improvement of the synthesis
To improve the synthesis we used the coefficients
and (Srinivasan & Parthasarathy, 1976) 
PMR(~O)~'exp[ZtFoFMR COS(~O--~OMR)]. (4)
Here FMR exp (iq~MR) are the structure factors calculated from the refined mixed electron density model, t is a parameter defining to what extent the model is incomplete and coarse. It was determined from the maximum of a likelihood function (Lunin & Urzhumtsev, 1984 ). The mixed model was refined within the range dmi,-d <-dmax. For the reflections with d > dm~x the initial phase probability distribution Po(q~) was used.
Phase improvement for 3/-crystallin lllb at 2.7 resolution
Crystallins are the main structural proteins from the eye lens of vertebrates. Crystals of y-crystallin IIIb from calf lens with a molecular mass of about 20000 daltons belong to space group P2~2~2~ with cell dimensions 58.7 ×69.5 × 116.9 A (Chirgadze, Sergeev, Fomenkova & Oreshin, 1981) . The asymmetric unit contains two molecules with a total mass of 40 000 daltons. The polypeptide chain of the molecule comprises about 170 residues with partially known amino-acid sequence (Croft & Slingsby, 1973) .
The native protein crystal of y-crystallin IIIb had a diffraction limit of about 2.7 A. Earlier, an electron density map at 3.0 A resolution had been obtained using the method of multiple isomorphous replacement. Five heavy-atom derivatives were used with anomalous scattering for three of them, the total number of reflections was 6777, and the mean figure of merit was 0.72 (Chirgadze et al., 1981 ) . The electron density of only one molecule was interpreted because of the similarity of the density distribution in the two molecules. The polypeptide chain is clearly traced in the elongated segments of/3 sheets (y-crystallin does not contain a helices) as well as in the region of the peptide joining two domains. Several segments of the loops and irregular conformations of the polypeptide chain were poorly defined. The interpretation of side chains also presented a problem. Hence, the polypeptide chain might be traced over C~ atoms well enough for about 80% of the length. The supposed total number of residues was 165.
In the first stage the phases were refined and extended in the range l0 to 2.7 ]k (Lunin & Urzhumtsev, 1984) by the method based on the approach of Agarwal & Isaacs (1977) . As a starting model for refinement we have constructed a coarse model from dummy atoms reproducing the 'isomorphous' synthesis. No structural data were used. The features of a starting coarse model and the course of the initial refinement are specified in Table 1 . The refinement gave phases for about 3800 additional reflections, mainly in the range 3.0-2.7/~. The resulting weighted synthesis was obtained with the combined phases. A new synthesis at 2.7 A resolution (Fig. l) had a higher noise level. Nevertheless, the synthesis was of higher resolution, and a partial model of one protein molecule could be built. The Ca tracing was improved with the total of 167 residues. The map was inter-preted on the basis of the amino-acid sequence. Most of the Cys, Met, Phe and Tyr residues commonly used as markers were well localized. But the precise site of the two Trp residues could not be determined at this stage. In all, 93 side chains were localized, i.e. about 56% of the total. The partial molecular model I contained 967 atoms, i.e. about 69% of the total ( Table 2) . The partial molecular model was fitted to the electron density using the interactive molecular graphics program 1SOCUB (Nevskaya, Kurochkina & Chirgadze, 1985) . The model of each peptide unit is built by an operator on the basis of the crude coordinates of the C~ and Ce atoms. The overall geometry was almost ideal except for the angle ~-(NC,,C) between two peptide groups and the angle/3(C~C,,C) between the side and main chains.
In the second stage the proposed procedure was applied to a mixed model. The model consisted of the 967 atoms of the partial model I and of a set of 1444 dummy atoms simulating the uninterpreted region of half of the asymmetric unit (Table 1 ). The mixed model was expanded to generate the asymmetric unit by use of non-crystallographic symmetry. The dummy atoms were placed inside the region equal to a set of spheres with a 5"5/~ radius centering on the C,, atoms. At this stage the dummy atoms were at a minimal distance of 0.7 A from the atoms of model I. In constructing the synthesis, a grid along the cell axes was chosen as 100 x 120 ×200, which corresponds to a step of -0.6 A along each of the crystallographic axes. The dummy atoms were generated until the electron density was exhausted with p > Petit for a synthesis with the coefficients of (1). The contribution of each dummy atom to the weighted (77) * The exact number of residues in the molecule of y-crystallin is unknown.
synthesis was in the form (Lunin & Urzhumtsev, 1983) 
and the values of Pcrit, Co and Bo are listed in Table 1 .
The mixed model was refined in two series (Table  1 ). In the first series of eighteen cycles the refinement was done for the range 10-3.0 ]k comprising -8600 structure factors. The coordinates (x, y, z) and temperature factor B were refined alternately. The crystallographic factor ZIFo-FMI R= EFM ' equal to 0.38 for the initial model, decreased to 0.14 during the refinement. In the second series, refinement was carried out in the range 10-2.7 A with about 10 800 structure factors, i.e. one and half times as many as in the first series. The R factor was 0.13. It should be noted that this value is much lower in comparison with R-factor values for the conventional crystallographic free-atom refinement of protein structure. Such a phenomenon appears to be explained by the larger number of degrees of freedom for the mixgd model of electron density.
The second improvement made the synthesis more readily interpretable compared with the first one. The map became markedly sharper (Fig. 2) . The sharpness of the synthesis became better resulting in a clearer tracing of the main chain. Several 'bulges' indicating the peptide carbonyl locations appeared on the density of the main chain. The density clouds of the side chains also became much more interpretable. This stage demonstrates the efficiency of the applied method of phase improvement showing that it is possible to build an initial model of the protein molecule at a relatively low resolution even in the absence of reliable sequence data.
The obtained synthesis led to a further extension of the protein molecule model. The course of the main chain was improved, and the total number of residues increased to 172, 118 side chains, i.e. -69% of the total, were placed in the electron density. The partial model II then contained 1130 atoms, which was -77% of the total. The statistics of geometric distortions from the angles r and/3 deformed in the model building were also better.
At the third stage the mixed model consisted of 1130 atoms of the partial model II and 873 dummy atoms simulating the electron density in the uninterpreted region of half of the asymmetric unit (Table 1) . The second molecule in the asymmetric part of the unit cell was generated by the use of non-crystallographic symmetry relations. The refinement was carded out in 49 cycles within two resolution ranges. The final R value was 0.15. The synthesis (Fig. 3) was substantially improved at this stage compared with the previous one.
The role of dummy atoms in a mixed model
To check how important dummy atoms are for a mixed model, we carried out the following test. The partial model I (967 atoms) used at the second stage was refined in reciprocal space by the method applied earlier to the mixed model (35 refinement cycles to 2.7 A). As a result, the crystallographic R factor dropped from 0.53 for the 3.0 A resolution range to 0.27 for the 2.7 A resolution range. However, the Fourier synthesis with the phases calculated from the model refined in such a way was considerably poorer than the initial one. This shows that the uninterpreted synthesis part stabilizes refinement of a model when it is not complete.
Discussion
The method has proved to be successful in phase refinement for 2,-crystallin IIIb from calf lens at 2.7/~ resolution. The synthesis of the electron density is greatly improved at both stages of refinement. The extension of the partial atomic model from 69 to 77% at one stage illustrates the progress achieved. The refinement of a stereochemically restrained protein molecule, considered commonly as a final step of the analysis, becomes now practically possible.
The suggested technique allows the use of information from the interpreted part of the synthesis to improve the overall density. In the case when the molecular model contains a very small number of atoms the mixed model is composed mostly of the dummy atoms. In the final stages the relative number of dummy atoms drops and the mixed model is subjected to a free-atom crystallographic refinement of protein structure.
In the intermediate stages, when the partial model contains about half of the atoms, the application of dummy atoms may reduce errors in the calculated phases owing to the absence of part of the molecule. If the mixed model is refined without stereochemical restrictions, the dummy atoms also present a stabilizing factor preventing deviations of the partial model atoms from their positions. It should be emphasized that further progress could be achieved if stereochemical restrictions were imposed on the partial model in the final phase refinement.
We have utilized the coarse and the mixed density model for phase improvement over the range 3.5-2.0 A. At higher resolution one deals essentially with a fairly complete atomic model requiring no dummy atoms. For lower resolution a similar approach has been applied to proteins of the globin family at 5/~ resolution (Borovikov, Vainstein, Gelfand & Kalinin, 1979; Kalinin, 1980) . The model here was built from 'quasicylinders' imitating a helices with refinable parameters. The application of the technique of this oo' °d0O, Fig. 3 . Synthesis of y-crystallin lllb at 2.7/~ resolution after the third stage of phase improvement obtained by the proposed method. The projection is as in Fig. 1 . For details see Table 2 .
paper for the 5-3.5 A range has not been studied but it is obvious that a coarse model should be built of larger blocks rather than from a set of atoms to obtain a reasonable relation between the number of parameters describing the model and those of the structure factors used for the refinement.
In modern protein crystallography the following main stages can be distinguished as necessary.
1. Initial phase determination, for example, by the method of isomorphous replacement.
2. Intermediate phase improvement resulting in a preliminary model for the protein molecule.
3. Final refinement of the molecular model. Attempts to obtain reliable phases at the first stage of phase determination for most of the proteins with a medium and large molecular mass have failed. Thus, an elaboration of a powerful method for the second stage is very desirable, with the application of additional information for phase improvement by different methods. The method proposed in this paper could be one of them.
